We tested the 5% rule for the ratio of radiotransmitter mass to body mass by applying radiotransmitters and passive integrated transponders (PIT tags) or PIT tags alone to adult, female big brown bats (Eptesicus fuscus) roosting in buildings in Fort Collins, Colorado. We used records from PIT readers at roosts to compute apparent annual survival of both groups from 2001 to 2003 and found them to be similar. All bats examined 1 year after radiotagging were reproductively active and had body masses similar to bats not radiotagged. Big brown bats do not appear to suffer from major long-term effects of carrying transmitters within the 5% rule.
Radiotransmitters are an important, commonly used tool for research on bats. For example, 17 studies published in the Journal of Mammalogy over the past decade applied radiotransmitters to bats, involving 338 individuals of 14 species. The American Society of Mammalogists (1998) recommends that in such studies, the mass of radiotransmitters should not exceed 5% of body mass of the tagged bat. This recommendation is based on the findings of Aldridge and Brigham (1988) who evaluated the effects of radiotransmitters on the ability of an insectivorous bat (Myotis yumanensis) to carry loads and maneuver. This research suggested that when studying flying animals with body masses of ,70 g researchers should adhere to the 5% rule of radiotransmitter mass in relation to body mass. However, studies sometimes exceed these guidelines with minimal justification, and there are no empirical data available to adequately judge the potential long-term effects of transmitters on bats (Fenton 2003) .
Despite the frequent use of this technique, only 2 field studies provide any information about possible effects of transmitters on bats. Hickey (1992) found that hoary bats (Lasiurus cinereus) fitted with radios ,5% of their body mass were as successful as untagged bats at feeding in clearings. A study by Kurta and Murray (2002) examined the potential longterm effects of radiotransmitters on Indiana bats (Myotis sodalis). The authors cautiously concluded that long-term impacts of carrying a transmitter appeared minimal for this species but noted that their sample size was small (n ¼ 12). Considering the common use of radiotransmitters on bats, the objective of our study was to test the assumption that bats marked with transmitters weighing ,5% of their body mass were unlikely to suffer long-term effects. We assessed survival, body mass, and reproductive status of adult, female big brown bats (Eptesicus fuscus) at least 1 year after tagging. In some areas, these bats are known to show high fidelity to roosts in buildings (Brigham and Fenton 1986) . We capitalized on this behavior by locating summer colonies of big brown bats occupying buildings, using passive integrated transponders (PIT tags) to mark bats in selected colonies, and comparing annual survival of bats that were radiotagged and PIT tagged with bats that were PIT tagged only. PIT tags are of negligible mass but allow individual identification for estimation of survival. Body mass and reproductive condition of bats that were recaptured by hand 1 year after radiotagging were compared with bats that had not been radiotagged. also studied bats at maternity roosts in a variety of structures within and surrounding the city, including single-and multi-storied houses, churches, schools, apartments, offices, and bat boxes. Maternity roosts were located by radiotagging adult, female big brown bats netted over water at night and tracking signals to specific buildings during the day.
MATERIALS AND METHODS
We captured big brown bats using a variety of standard techniques, including mist nets, stacked nets, H-nets, harp traps, and funnel traps (Kunz and Kurta 1988; Waldien and Hayes 1999) . Sex, body mass (g), and forearm measurements (mm) of each bat were recorded. Body mass was determined using Pesola spring scales (PESOLA AG, Baar, Switzerland). Bats were classified as adults based on epiphyseal fusion in the phalanges (Anthony 1988) . Reproductive status of female bats was categorized as pregnant, lactating, or postlactating by palpation and by external criteria such as nipple morphology (Racey 1988) .
We originally radiotagged 98 bats in 2001 to locate roosts, applying radiotransmitters weighing 0.52-0.95 g (Model BD-2AT or LB-2T, Holohil Systems Ltd., Carp, Ontario, Canada). Transmitters were attached between the scapulae using Skinbond surgical adhesive (Smith and Nephew United, Inc., Largo, Florida) following typical procedures used in bat telemetry studies (e.g., Brigham and Fenton, 1986; Rabe et al. 1998 ). Other details of capture and handling procedures are described by Wimsatt et al. (in press ).
We also implanted PIT tags (AVID Inc., Norco, California) subdermally on the middorsal side over the lower lumbar region of each bat for long-term individual identification (Barnard 1989) . These transponders are passive microchips encapsulated in biocompatible glass (12 Â 2 mm wide with a mass of 0.1 g). Each PIT tag emits an instantaneous, high-frequency binary code with a unique 9-digit number when passed within about 5 cm of an activating reader. The activating readers we deployed consist of a 15.2 or 30.5 cm hoop connected to a computer that stores the PIT tag number, date, and time for each bat that crosses the hoop. We positioned hoops over roost exit points in a fashion that minimized disturbance to the bats. To direct bats through the hoop, breathable-plastic screening and foam were used to seal off alternative exit points and gaps. Electronic records from the readers were downloaded to a laptop computer every 2-3 days and entered into a Standard Query Language database for subsequent analysis.
PIT tags have been recommended for studying bat population biology (Kunz 2003) , but before our study, they have not been applied for this purpose. All bat capture and handling procedures were approved by institutional animal care and use committees of Colorado State University and the United States Geological Survey, and follow the guidelines of the American Society of Mammalogists (1998).
Data analysis.-Estimates of annual apparent survival rates (/ ) were computed for the 2001-2002 year based on presence or absence records (equivalent to resightings) from PIT tag readers in summers 2002 and 2003 using Cormack-Jolly-Seber models available in Program MARK (White and Burnham 1999) . This is a numerical maximum-likelihood program developed to estimate parameters from mark-recapture or sight-resight data. Our 2 parameters of interest were capture probability (p), the conditional probability that a marked animal will be seen over a specified time interval given that it is alive and in the study population, and apparent survival (/ ). Apparent survival cannot distinguish emigration from mortality, but is the probability that the animal is alive, remains on the study area, and is available for recapture (White and Burnham 1999) . Annual presence or absence records of PIT-tagged bats were passively recorded during summers 2002 and 2003 at openings to 6 roosts that were known to be used by 31 radiotagged bats in summer 2001. Encounter history files were created that included a listing of each individual bat, coded for each summer period as either a ''1'' (detected), or ''0'' (not detected).
We modeled datasets as ''live recaptures,'' where animals are only reencountered when recaptured alive on succeeding occasions. Further details of application of this technology for estimation of survival in bats can be found in O' Shea et al. (2004) .
We also computed 1-year return rates (r) for a larger sample of 40 radiotagged adult, female bats that occupied 10 roosts in 2001 that were monitored with PIT readers in 2002 only (4 of these roosts were not monitored again in 2003 and thus could not be used for CormackJolly-Seber estimates). These return rates were compared with return rates of bats that were only PIT tagged (n ¼ 336 adult females) at these same roosts in 2001. One-year return rates are inferior to CormackJolly-Seber-based estimates of survival (O'Shea et al. 2004 ) but are provided here for comparison with published estimates of survival in big brown bats. Confidence limits forr were computed using the binomial distribution. We also checked all bats radiotagged in 2001 that were caught again by hand in 2002 to determine their reproductive status. Body masses of these bats and of untagged adult females captured at the same maternity roosts in Fort Collins during the same summer were grouped by reproductive state for comparison.
We follow the philosophy and suggestions of Johnson (1999) and Anderson et al. (2000 Anderson et al. ( , 2001 , and present parameter estimates with associated confidence intervals as informative measures of their precision rather than relying on statistical null hypothesis testing on these observational data. As noted by Johnson (1999:769) , ''ordinary confidence intervals provide more information than do P-values.''
RESULTS
Six maternity roosts were monitored in 2002 and 2003 for records of bats marked in 2001. During 2001, these roosts were used by 31 radiotagged bats and 249 bats marked with PIT tags alone. The proportion of body mass represented by radiotransmitters in the 31 bats was 3.9 6 0.7% (range 2.6-5.3%). Cormack-Jolly-Seber estimates of apparent survival in the 2 groups were similar, with overlapping confidence intervals (Table 1) . Associated capture probabilities were high and were similar in the 2 groups (Table 1) . One-year return rates were calculated for 40 radiotagged bats that occupied roosts in 2001 that were subsequently monitored in 2002 (transmitter masses also averaged 3.9 6 0.7%, range 2.6-5.3%, of body mass) and for 336 bats that were only PIT-tagged. Return rates were also similar with widely overlapping confidence intervals (Table 1 ). In addition, 2 radiotagged bats that were not recorded by PIT tag readers were recaptured by hand during netting sessions in 2002, and a 3rd bat was detected by readers in 2003, for a minimum number of 37 (93%) bats known alive 1 year after tagging.
Fourteen individual adult female bats were recaptured during summer 2002 (5 were caught twice in the same season, giving a total of 19 captures of bats in different reproductive stages). All were found to be reproductive (pregnant, lactating, or postlactating) . Body masses of these previously radiotagged bats were similar to those of nonradiotagged bats in comparable reproductive condition (Table 1) .
DISCUSSION
As size of radiotransmitters has been reduced to masses of 1 g or less, radiotelemetry has become a widely used tool for studying insectivorous bats, providing insight into movement patterns and habitat selection. Early studies held the assumption that a transmitter weighing 5-10% of a flying animal's body mass would not have a significant detrimental effect (Bradbury et al. 1979; Cochran 1980) . Caccamise and Heddin (1985) followed by estimating appropriate transmitter weights for birds based on a 5% increase in power the animal must put forth to fly. However, problems with maneuverability and load carrying for smaller volant animals, such as vespertilionid bats, arose with these formulas. On this basis Aldridge and Brigham (1988) suggested that the 5% rule be applied for maximum masses of transmitters that can be attached to bats.
Our data support the findings of Aldridge and Brigham (1988) . We conclude that adult, female big brown bats can carry transmitters that are 5% or less of their body mass without long-term impacts on survival, reproduction, or body mass. The apparent survival and return rates of bats that carried radiotransmitters following the 5% rule were similar to those in the same population that did not carry radiotransmitters. In addition, every female captured by hand 1 year after radiotagging showed signs of reproduction.
This paper provides the first Cormack-Jolly-Seber estimates of annual survival in big brown bats based on sampling at maternity colonies. Survival and return rates of big brown bats in our study were high in comparison with previously published estimates. Hitchcock et al. (1984) banded 76 female big brown bats at a hibernaculum in Ontario, Canada, over a 7-year period. They provided the only other available estimate of mean annual survival for big brown bats based on the Cormack-Jolly-Seber model, with/ ¼ 0.47 6 0.06 (SE). Hitchcock et al. (1984) reanalyzed Goehring's (1972) data on 315 female big brown bats banded over a 20-year period at hibernacula in Minnesota using an ad hoc method of computation and estimated survival at 0.74. Mills et al. (1975) reported annual return rates ranging from 0.10 to 0.71 at 2 maternity colonies in buildings in Ohio where 252 banded big brown bats were recaptured over a 3-summer period. Brenner (1968) reported a 1-year return rate of 0.53 or less for about 39 adult, female big brown bats banded at a maternity colony in a building in Ohio and 0.21 for about 30 banded females at a colony in a building in Pennsylvania. Thus, comparison with previously published estimates offers no suggestion that radiotagging (or PIT tagging) influences survival of adult, female big brown bats because all these values are lower than ours. However, most survival estimates of bats available in the literature are based on ad hoc analytical methods. In addition, many of these estimates are also negatively biased for several reasons: they are based on banding, which has a demonstrated injurious effect in some species; many recapture attempts are made at hibernacula, where disturbance can impact overwintering survival and where adults and young of the year (with potentially lower survival) may be difficult to distinguish; and bats can avoid recapture subsequent to first handling (O'Shea et al. 2004 ). Higher-and possibly more realistic-estimates of survival and return rates in our study may be due to several factors, but most likely, passive ''resightings'' by PIT-tag readers eliminate the need to recapture bats in hand to read band numbers.
Whereas the 5% rule seems to apply well to big brown bats in our study area, it is uncertain to what degree our results can be extended to other species of bats. Some bats, such as hoary bats, are known to be strong flyers and often use open areas where maneuverability may not be as influential on survival (Hickey 1992) . As a result, these bats may be able to carry transmitters .5% of their body mass without experiencing any long-term effects. Our findings beg the question, ''What is the upper limit at which detrimental effects start to appear?'' Some field studies have exceeded the 5% limit (e.g. Brigham et al. 1997; Kurta and Murray 2002; see Fenton 2003 for a critique), using transmitters that weighed as much as 8% or 9% of the bat's body mass. Fenton (2003:10) stated, ''Continued use of excessively large transmitters on small bats compromises the data we collect, a situation that will not further our knowledge base or the overall cause of bat conservation.'' Use of new technologies such as PIT tags, in combination with more rigorous statistical methods, should improve our ability to accurately determine apparent survival, and thus, monitor the effects of marking techniques on bats. Therefore, we recommend that future research using radiotransmitters on bats at levels exceeding 5% of body mass strive to permanently mark radiotagged bats, as we did, and attempt to assess survival and condition in subsequent years. Because different species of bats can use markedly different habitats, they can be expected to have different energetic demands that could alter their response to carrying a radiotransmitter. Therefore, these techniques should be evaluated on additional species of bats, especially those inhabiting heavily cluttered areas where maneuverability and high energetic demands are a concern.
